Finite element modeling (FEM) of a piezoelectric multilayer-stacked hybrid actuation/transduction system (stacked-HYBATS) is investigated in this paper using ANSYS software. This transducer consists of two positive strain components operating in d 33 mode and one negative strain component operating in d 31 mode to generate large displacements. FEM results are compared with experimental and analytical results to provide insight into the actuation mechanisms, verify the device's three displacement components, and estimate its blocking force. FEM calculations found the effective piezoelectric coefficient to be exceptional, about 3.11 × 10 6 pm V −1 at resonance. Stacked-HYBATS was quantitatively compared to commercially available flextensional actuators using finite element analysis. It was found that under the same electric field the yielded displacement of a stacked-HYBATS is about 200% and 15% larger than that of a same-sized d 31 and d 33 flextensional actuator, respectively. These findings suggest that stacked-HYBATS is promising for precision positioning, vibration control, and acoustic applications.
Introduction
Piezoelectric transduction structures have been exploited in a variety of high value applications including acoustics, sensing, energy harvesting, and actuation. For example, hydrophones are used in the military and biomedical fields for detecting underwater sound waves and calibrating the output of ultrasound devices for medical imaging and therapy [1] . Geophones have both military and civilian applications in sensing changes in rock formations and soil [2] . Other piezoelectric sensors are used as accelerometers [3] , in reporting humidity, temperature, and viscosity [3] , and in nondestructive testing and structural health monitoring [4] . The high power density of piezoelectrics at low voltages as well as ease in using their harvested energy has made these transducers viable substitutes for external power sources [5] . Finally, piezoelectric actuators are known to have large strains at relatively low electric fields, quick response times, large output displacements, and high generative forces [5] .
Recent work in hydrophone technology and nondestructive testing has attempted to increase sensitivity as well as produce a stable output over a wide range of frequencies. Meanwhile, a variety of sensor configurations have been developed to produce the largest possible voltage response [1-3, 6, 7] . In the case of actuators, research has focused on generating the largest blocking forces and displacements at low operating voltage. In general, a piezoelectric transducer converts mechanical energy to electrical energy or vice versa; an improvement in the performance of one transducer type (e.g. an actuator) can be used to improve performance in another (e.g. a sensor). For example, an actuator with broad frequency bandwidth at resonance could also be used for broadband energy harvesting and acoustic sensing. Thus, an actuator with favorable dynamic response holds promise for the energy harvesting and sensing areas as well. To this end, this paper focuses on a novel piezoelectric actuator configuration which in turn has far-reaching implications for other piezoelectric transduction structures. PZT [20] 40 [12] 40 [12] 20 [12] Flextensional [21] 13.3 × 10 × 5.5 PZT 5 55 27 Flextensional [14] 27.4 × 13.6 × 10 PMN-PT single crystal 3.89 96.5 Hundreds HYBAS [22] 5. 
Actuation mechanism and design rationale
First, we will briefly summarize the main piezoelectric actuator configurations. This will allow us to place our device in the context of the body of research literature. The earliest example of a piezoelectric actuator is the fixed-free cantilever. This transducer is comprised of two piezoelectric plates bonded together and electrically connected in series or parallel. Commercial models of this type offer large displacements of over a millimeter but very small blocking force (<0.5 N) [8] . The multilayer piezoelectric stack is another actuator configuration in which many thin plates of piezoelectric ceramic are bonded together. The plates are connected in parallel electrically and the poling direction of each plate is aligned parallel to the applied electric field, so each plate expands or contracts at the same time. These stack actuators produce smaller displacements (in the range of 10-20 µm) but very large blocking force (2600 N) [9] . In order to produce both large displacements and high generative force, amplification structures have been developed. In the cases of RAINBOW and THUNDER, the amplification structure is a thin sheet of metal that is bonded to the piezoelectric material. The curved shape of the actuators produces a stress in the piezoelectric layer that causes large deformations (∼375 µm) under an applied electric field [10] . In other amplified actuators a piezoelectric element is sandwiched between metal end caps or a metal frame. In these configurations a small horizontal displacement in the piezoelectric element is amplified into a much larger vertical displacement via the end caps or frame. In the moonie each metal end cap is a disk with a semi-ellipsoid solid removed; in the cymbal the metal end cap is a thinner dome-shaped structure with a flat top. These actuators have the advantage of using both the d 31 and d 33 piezoelectric coefficients for an enhanced amplification ratio [11, 12] . An even more popular configuration for commercial applications is the flextensional actuator which is comprised of a piezoelectric element (usually a multilayer stack or a bar) inside a metal frame. Such actuators are capable of producing large displacements and relatively large generative force. For instance, an actuator of this type having dimensions 57 mm × 214.3 mm × 21 mm can produce 1050 µm of displacement and 745 N of blocking force [13] . Additionally, the performance of such flextensional actuators can be further optimized through an appropriate choice of active material. For example, replacing the piezoelectric multilayer stack in a flextensional actuator with a single-crystal PMN-PT stack results in increased displacement [14] . A summary of the actuator types and their major performance specifications is shown in table 1. Recently, Xu, Su, and Jiang presented two variations on the flextensional design known as HYBAS and stacked-HYBATS [22] [23] [24] . These designs contrast with those described above in that these new configurations synergistically use both the expansion and the contraction of smart materials. Each configuration contains one or more positive strain components (PSCs) as well as a negative strain component (NSC), as shown below in figure 1 . The positive strain components in each device are comprised of a material that expands when a voltage is applied. This material is [P(VDF-TrFE)] (a PVDF copolymer film) and d 33 mode piezoelectric ceramic or single crystal in HYBAS and stacked-HYBATS, respectively. Similarly, the negative strain components are comprised of a material that contracts when a voltage is applied; d 31 mode relaxor single-crystal or piezoelectric ceramics can be used in both HYBAS and stacked-HYBATS. When the material of the negative strain component is activated and contracts along the x-direction, the positive strain components are stressed and displace in the z-direction. At the same time, if the positive strain component(s) is (are) activated, this material expands, and additional displacement in the z-direction is obtained. The combined effect brings about more vertical displacement than would be possible from using either the positive or the negative strain component alone. For example, when both The first prototype of stacked-HYBATS featured TRS-HK1-HD in both its positive and negative strain components. This material is a high density piezoelectric ceramic with high dielectric constants. Both expansion and contraction are accessible in this material because the direction of strain (either positive or negative) is determined by the structural orientation as well as the directions of poling and electric field application. For example, the piezoelectric solid shown in figure 2 is oriented in the 001 direction and is poled in the z-direction. Upon application of an electric field as shown, the solid expands in the z-direction (longitudinal or d 33 mode) and contracts in the x-direction (transverse or d 31 mode). Similarly, when the solid contracts in the z-direction it expands in the x-direction. So, positive and negative strain are both possible in both modes as long as the appropriate structural orientation as well as poling and electric field directions are used. It is noteworthy, however, that the strain generated in the transverse direction is a little less than half that generated in the longitudinal direction. In other words, the d 33 mode of actuation provides more displacement than the d 31 mode. In spite of this, however, the stiffness of the TRS-HK1-HD material is almost identical in the x-and z-directions.
The novel actuation mechanism of stacked-HYBATS has been proven feasible by Xu et al [23] . Experimental results showed the system's viability with its large displacements, strong resonance, and large effective piezoelectric coefficient [23] . However, a discrepancy was found between the simple analytical model and the measured displacements. In this study, finite element analysis is employed to verify the measured displacements and to further understand the operation mechanism of stacked-HYBATS. In addition, this paper presents a quantitative comparison of the operating characteristics of the stacked-HYBATS, commercially available d 33 mode flextensional actuators, and d 31 mode flextensional actuators. Finally, we will discuss the many applications of the device for sensing, energy harvesting, and actuation.
Experimental and analytical results [23]
Firstly, stacked-HYBATS was fabricated with dimensions and poling directions as shown below in table 2 and figure 3. The initial shape of the positive strain components (PSCs) is given by
where x is the position along the x-axis, L = 25 mm, and c = 47 000 mm 3 . Additionally, the initial curvature length of the PSCs is given by The piezoelectric plates in each of the components are connected mechanically in series and electrically in parallel to produce the expansion and contraction described in section 2. Displacement measurements for both static and dynamic electric field application were taken using a laser vibrometer (Polytec, PI, Inc., model OFV-512) with a laser beam measuring 5 µm in diameter. The displacement profiles generated analytically and experimentally by stacked-HYBATS at 150 V DC and 1 Hz 100 V rms are shown in figure 4 . Experimental results showed that stacked-HYBATS has three displacement components: one activated by both the positive and negative strain components together, one activated by the positive strain component only, and one activated by the negative strain component only. The analytical displacement profile, z stacked-HYBATS (x), was found by calculating
where z i (x) is the initial displacement profile of the device as given above and z(x) is the deformed displacement profile of the device. The calculation of z(x) is as follows. For a given voltage, the length of the negative strain component is found from
where L 0 is the non-deformed length of the negative strain component (NSC), L e is the length of the active material in the NSC, d 31 is the transverse piezoelectric coefficient of the active material in the NSC, and E is the applied electric field. Then, the curvature length of a deformed PSC can be calculated by using
where n is the number of piezoelectric plates in the stack, t is the thickness of the piezoelectric plates in the stack, and z(x) is shown below in equation (7), a function of L and c (an unknown).
Equation (8) is the result of combining equations (5)- (7). Substituting in values, we can solve for an updated c constant and obtain z(x).
The analytical results agree with the experimental results in that the analysis yields three distinct displacement components. However, the analytical results are five times greater than the experimental results. To this end, finite element modeling must be employed to verify the experimental results and provide insight into the difference between the experimental and analytical results.
Finite element modeling

Methods
In order to verify experimental and analytical results and compare stacked-HYBATS with commercial flextensional actuators, finite element modeling was conducted using ANSYS Workbench 12.1 and ANSYS mechanical applied parametric design language (MAPDL). The piezoelectric elements in the designs were modeled as SOLID226 elements with the 1001 KEYOPT activated. This is the most recently updated coupled-field element type available in ANSYS software. SOLID226 elements are 3D 20-node coupled-field hexahedra with nodes at each corner and at the midpoint of each edge. The mathematical functions corresponding to the active degrees of freedom at each node are quadratic; degrees of freedom for position in the x-, y-, and z-directions as well as for the electric potential were activated. Each electrode was modeled as an equipotential surface. The elasticity matrix, the piezoelectric matrix, and the permittivity matrix were specified in order to correctly model the active materials. A sample mesh used for the finite element modeling is shown below in figure 7.
Materials
Two different active materials were used to model the piezoelectric multilayer stacks (such as those shown in figure 1 ): NEPEC-N10 and TRS-HK1-HD [23] . NEPEC-N10 is a commercial PZT-5 material. TRS-HK1-HD is a newer material available from TRS Technologies and is a piezoceramic with very large electromechanical coupling coefficients. The properties of these materials are shown in table 3. Passive ceramic, spring steel, brass, and Loctite Hysol Epoxy Resin are linear isotropic materials used in modeling the frame, electrodes, and bonding epoxy. The Young's modulus and Poisson's ratio for these materials were taken from materials databases. The properties of these materials are shown in table 4.
Boundary conditions
We investigated the static structural, modal, and harmonic responses of stacked-HYBATS in this study. Additionally, the blocking force of the stacked-HYBATS was calculated using finite element analysis. The boundary conditions for the various investigations are described below.
A quarter model of the geometry was used to determine the static displacement, natural frequency, resonant displacement, and blocking force of a given actuator configuration. This reduced the number of elements and nodes and minimized computation time. For these analyses, symmetry boundary conditions were placed on the surfaces corresponding to x = 0 and y = 0 as shown in figure 5 . Such boundary conditions set out-of-plane translations and in-plane rotations to zero. In the results presented in this work, the vertical displacement profiles were found by measuring the vertical displacement at the edge of each layer of piezoelectric material. To report the overall vertical output displacement of an actuator, a single measurement was taken at the highest center element when voltage was applied. For blocking force measurements a static load was placed on the highest center element and increased until the output displacement of the actuator was zero. A diagram of these boundary conditions with measurement points is shown below in figure 5. 
Modeling assumptions for commercial flextensional actuator
The active component in the commercial flextensional actuator is a co-fired ceramic piezoelectric multilayer stack containing about 175 piezoelectric plates. The piezoelectric material was modeled as linear so the stack could be modeled as a piezoelectric brick instead of a design with separate layers. For example, the maximum displacement for a commercially available TOKIN multilayer stack actuator comprised of NEPEC-N10 is about 17 µm at the maximum operating voltage of 150 V DC . The thickness of each layer in the stack was calculated to be 0.109 mm since the overall length of the stack was known. Finally, the applied DC voltage was used along with the thickness of the layers to determine the electric field applied to each layer of the stack. In the ANSYS simulations the voltage applied to the piezoelectric brick created the same electric field present in each of the layers of the stack.
Modeling results and discussion
Stacked-HYBATS modeling results
Stacked-HYBATS was modeled with dimensions as shown in figure 4 . This simulation served multiple purposes. The first was to ensure the correctness of the boundary conditions used for modeling as described in section 4.3. The second was to examine the discrepancy between the analytical and experimental results published by Xu et al [23] in which the analytically modeled displacement was five times greater than the experimental displacement. An additional purpose of the modeling was to gain insight into the actuation mechanisms of all three displacement components. All of these results will benefit the future optimal designs of HYBATS. Figure 6 shows a comparison between the experimental and finite element modeling results of the prototyped stacked-HYBATS. The device was biased with 150 V DC and subjected to an AC voltage. This figure differs from figures 4 and 7 in that instead of obtaining the displacement profile for each point on the positive strain component (PSC), the total vertical output displacement of the device was measured at the point shown in figure 5 for increasing values of V rms . Additionally, the total horizontal contraction of the negative strain component (NSC) was measured experimentally, and estimated analytically by using equation (4) and by FEM.
The experimental, analytical, and FEM measurements of the horizontal contraction of the negative strain component are in perfect agreement. This suggests that the flaw in the analytical modeling of stacked-HYBATS lies not in the calculation involving the NSC, but in the calculations related to the PSC. The FEM and experimental measurements of the combined effect of the positive and negative strain components differ somewhat, especially below V rms = 60. This can be attributed to the nonlinear behavior of the piezoelectric stack actuator in open-loop operation at low voltages which was not taken into account in the modeling [25] . The nonlinear effects are rather small and do not detract from the use of finite element analysis as a tool for the design and optimization of similar transducers.
Experimental results showed that stacked-HYBATS has three different displacement components. The experiment suggested that one displacement component can be activated by the synergetic contribution of the PSCs and NSC together, the second component by the activation of the PSCs alone, and the third component by the activation of the NSC alone. Figure 7 compares the experimental results with finite element modeling results and verifies that multiple displacement components are achievable with the device. The ANSYS results and the experimental results are in good agreement for the PSC activation. However, the modeled displacement results are less than the experimental results for the NSC activation as well as the simultaneous activation of the PSCs and NSC. Since the results in figure 6 show that the modeling of the negative strain component was in good agreement with the experimental and analytical results, we can conclude that the FEM underestimates the effect of the positive strain component when the negative strain component is activated. Thus, there must be some sort of interplay between the negative strain component and positive strain component when they are activated together that the modeling does not account for. One explanation is that the PSCs were more flexible in the experimental prototype than in the finite element model. This could be caused by relative motion or sliding between the active and passive components of this component, as suggested by Xu et al [23] . This presence of relative motion, sliding, or increased flexibility of the PSCs is supported by the experimental data. For the displacement component involving the simultaneous activation of the positive and negative strain components as well as the component involving positive strain only, the experimental results showed that the end of the actuator has a vertical displacement of up to 5 µm, and this displacement drops by 2-3 µm at a position about 10 mm from the actuator center before increasing again. The modeling and analytical results, however, showed a steady increase in displacement from the device end to the device middle. This suggests that the bonds in the prototyped PSCs are imperfect.
The experimentally determined resonance frequencies of each of the displacement components of the stacked-HYBATS [23] were compared with ANSYS modeling results for a no-load case. The NSC-active-only component and stacked-HYBATS each have two resonance peaks in the experimental results (4850 and 5300 Hz for the NSC-active-only mode and 4830 and 5300 Hz for the stacked-HYBATS) [23] . This is in contrast to the ANSYS modeling results where each component has only one resonance peak as shown in figure 8 (6300 Hz for the PSC-active-only mode, 6250 Hz for the NSC-active-only mode, and 5793 Hz for the stacked-HYBATS.) The additional resonance peaks in the experimental data could be due to asymmetry in the fabricated device [23] . The simulated device, however, was modeled to be symmetric about all three axes. Thus, we can expect that the modal analysis of the simulated device would yield only one resonance peak for each of the three modes. Comparison of the resonance frequencies between the experimental and simulated cases is difficult because of the multiple resonance peaks in the experimental case. However, a few observations are possible. In the simulated static analysis, any result involving the activation of the NSC underestimated the effect of the PSC. As one would expect, the simulated resonant displacement of the NSC-active-only component is much smaller than its experimental counterpart. However, the displacement produced by the simulated negative strain component at resonance is 14.8 times as large as the displacement produced by this component at non-resonant frequencies. This same result is reported for the experimental stacked-HYBATS. Thus, even though the total displacement produced by stacked-HYBATS for the NSC-active-only component is underestimated, the ratio of the displacements at resonant and non-resonant frequencies is in good agreement with experimental results. This ratio of the resonant to non-resonant displacements is also true for the PSC and NSC active mode as well as the PSC-active-only mode and closely matches the experimental results. The simulation indicates that the effective piezoelectric coefficient of stacked-HYBATS is 3.1 × 10 6 pm V −1 at the resonance frequency.
As with all simulated dynamic analyses the effect of damping must be considered. The dielectric loss of the TRS-HK1-HD is small (tan δ = 1.7%) and does not affect the resonant displacements at these frequencies. Thus, we turned our attention to viscous damping which is usually determined experimentally. In this case, however, experimental resonant displacements for stacked-HYBATS occurred at two different frequencies (at 4830 and 5300 Hz). Thus, it was difficult to extract accurate experimental values for damping. As an initial estimate the quality factor of the largest resonance peak in the experimental characterization of stacked-HYBATS was calculated. The quality factor (Q factor) is given by the following formula:
where f r is the resonance frequency of interest and f = f high − f low where f high and f low are the two frequencies above and below the resonance frequency at which the displacement amplitude is half the resonant displacement. Then, the damping ratio can be calculated using
Our initial estimate for the damping ratio calculated from (9) and (10) produced ξ = 0.025 77 which was treated as frequency-dependent viscous damping in the finite element modeling. This damping ratio estimate resulted in an overdamped model as shown in figure 9 . If the two resonant peaks in the experimental results were pulled together a higher Q factor would be obtained which would yield a smaller damping ratio. To illustrate how the device response changes as a function of damping ratio, the resonant displacement was simulated for a variety of damping ratios as shown in figure 9 . A small variation in the damping ratio produces large variations in the displacement response at resonance. A damping ratio of ξ = 0.01 is a good fit for the experimental data. Lastly, the blocking force of stacked-HYBATS was calculated using FEM. A static load was placed on the actuator as shown in figure 5 . Voltage was applied to the actuator to determine the output displacement of the device with the static load in place. For a given voltage, the static load was increased until the vertical displacement of the actuator became zero. Figure 10 shows the displacement versus blocking force curves for the prototyped stacked-HYBATS. Commercial flextensional actuators are usually designed to maximize either free displacement or blocking force. Stacked-HYBATS, however, provides a good middle-of-the-road option in terms of both of these quantities. Additionally, this transducer has the advantage of being able to produce the same displacement and blocking force output but at a much lower voltage as long as the piezoelectric plates are made thinner, which is desirable in many applications. figure 11 ; each device was comprised of the same active material, NEPEC-N10. The frames of the flextensional actuators were composed of spring steel (as is typical commercially) while the end block of the updated stacked-HYBATS was composed of passive ceramic as in the experimental prototype [23] . The stacks in each device were taken to have a layer thickness of about 0.1 mm as in the commercial case. In this way, the electric field was equal in each of the piezoelectric layers in all three devices for proper comparison. The maximum stroke shown in figure 12 for stacked-HYBATS is about 141 µm while the maximum stroke for the d 31 mode flextensional actuator is about 48 µm. Thus, we see that the maximum displacement output of the stacked-HYBATS design is almost 3 times greater than that of the d 31 mode flextensional actuator. Additionally, as suggested in previous work [23] , the modeling results show that the NSC-active-only stacked-HYBATS reduces to the case of the d 31 flextensional actuator. When the piezoelectric plate thickness is held constant to compare the devices under an equal electric field the stacked-HYBATS outperforms a same-size d 33 flextensional actuator by 15%. This margin could be increased by choosing appropriate curvature of the positive strain component. For embedded active control applications it is necessary to examine the power consumption of the stacked-HYBATS as compared with the flextensional actuator. Under static operation, the power consumption is negligible for both actuators as the only power consumed is due to leakage current in the stacks. The power consumption that is present during operation under an AC field is the quantity that needs to be examined and is due to heat dissipation during the charging and discharging of the stacks. For a rough comparison the power can be given by P ∝ fCV 2 (11) Figure 11 . Diagram of the actuator geometry used for comparative study. The thickness of the plates shown in each device is exaggerated to show the device concept. In the comparative study, each plate of piezoelectric material had a thickness of 0.1 mm. where f is the frequency of the AC field, C is the capacitance of the stack, and V is the applied voltage [26] . In the comparison of the flextensional actuator and stacked-HYBATS the thicknesses of the piezoelectric plates and the materials were held constant. This allows for a fair comparison of the transducers under the same voltage.
Assuming that the frequency of the AC field applied to each transducer is equal, the power consumption becomes a function of the capacitance which can be calculated by using
where n is the number of layers in the piezoelectric stack, ε 33 is the dielectric constant of the material, A is the area of a single piezoelectric plate, and t is the distance between the electrodes. Table 6 shows the volume of the active material for each of the transducers, their calculated capacitances, and the power consumption per unit volume of active material calculated at 1 kHz and 100 V DC . Stacked-HYBATS consumes 13% more power than the flextensional actuator but offers benefits in applications with its significant displacements, large blocking forces, and strong resonance.
Conclusion
Finite element modeling of a novel transduction structure, stacked-HYBATS, is presented in this paper. The FEM results are in good agreement with the experimental results reported in [23] , in contrast to previously reported analytical results that were 5 times too large [23] . Modeling results show that stacked-HYBATS offers multiple displacement components, large output force, and strong resonance. These qualities benefit actuator applications which require large output displacement, accuracy on the micron scale, and relatively large output force in a very small package [27] . In terms of sensing and energy harvesting, stacked-HYBATS is superior to its flextensional counterpart because passive material is replaced with active material which allows for better transduction in a smaller footprint. Additionally, stacked-HYBATS surpasses transverse mode flextensional actuators in terms of displacement by a factor of 3 and longitudinal mode flextensional actuators by a factor of 1.15. Finite element analysis has proven to be a valuable tool for the evaluation of our novel device. Future generations of stacked-HYBATS will benefit from design and optimization by FEM.
